ABSTRACT Introduction: The effects of piperonyl butoxide (PBO) on the toxicity of the organophosphate temephos (TE) and the role of esterases in the resistance of Aedes aegypti to this insecticide were evaluated. Methods: A. aegypti L4 larvae susceptible and resistant to TE were pre-treated with PBO solutions in acetone at concentrations of 0.125, 0.25, 0.5, 1, and 2% for 24h and subsequently exposed to a diagnostic concentration of 0.02mg/L aqueous TE solution. The esterase activity of the larvae extracts pre-treated with varying PBO concentrations and exposed to TE for three time periods was determined. Results: At concentrations of 0.25, 0.5, 1, and 2%, PBO showed a signifi cant synergistic effect with TE toxicity. High levels of esterase activity were associated with the survival of A. aegypti L4 larvae exposed to TE only. Conclusions: The results of the biochemical assays suggest that PBO has a signifi cant inhibitory effect on the total esterase activity in A. aegypti larvae.
The control of A. aegypti is primarily based on the use of chemical and biological products that are integrated with environmental management programs. Public programs aimed at controlling mosquitoes are characterized by the use of commercial insecticides, including organophosphates and pyrethroids. The organophosphate temephos (TE) was widely used in Brazil to control A. aegypti larvae until recently; however, due to reports of vector resistance to this insecticide, this method was replaced by the National Dengue Control Program. Nevertheless, TE remains on the list of insecticides to control dengue in Brazil and may be used again in the future 2, 3 .
The resistance to insecticides has contributed to an increase in A. aegypti populations and the incidence of dengue cases in Asia, and Central and South America, especially in Brazil 2, 4 .
The biochemical mechanisms involved in the development of resistance to insecticides include detoxifi cation metabolism processes. Several enzymes and enzyme systems participate in these processes, including oxidases, esterases, and transferases 5 . These enzymes allow the insect to convert an insecticide to a nontoxic form or to rapidly eliminate the compound from the body.
Synergists such as piperonyl butoxide (PBO) have been employed in an attempt to overcome resistance to insecticides. Synergists are known to act as an alternative substrate, competing with the insecticide and interfering with detoxification. Synergists also act allosterically to inhibit the binding sites of esterases and multifunction oxidases (MFOs), minimizing the amount of insecticide needed to control insects and the levels of environmental contamination by pesticide residues 6 .
Several studies have demonstrated the successful use of synergists for insect control through their inhibitory action on esterase activity and MFOs in resistant strains 7, 8 ; however, studies investigating their action in A. aegypti are rare. The aim of the present study was to evaluate the effects of PBO on the toxicity of the organophosphate pesticide TE and the involvement of esterases in the resistance of A. aegypti to this compound.
METHODS

Samples
Aedes aegypti-susceptible and -resistant strain samples were provided by the Center for Zoonosis Control of Uberlândia (CZCU). The research was conducted by studying 
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To confirm resistance in the strains, the larvae were submitted to a diagnostic dose of 0.012mg/l of TE, according to standardized methodology recommended by the World Health Organization 10 . When the mortality rate was higher than 98%, the population was considered susceptible. Populations that showed mortality rates of 80 to 98% underwent repeat testing for confi rmation, and populations in which the mortality rates were equal to or lower than 80% were considered resistant.
Pretreatment with PBO and TE exposure
Susceptible and resistant L4 larvae were pre-treated with PBO diluted in acetone at concentrations of 0.125, 0.25, 0.5, 1, and 2% for 24h. For each test, 10 groups of 10 larvae were placed in Petri dishes with 40ml of 0.02mg/l aqueous TE solution, while the control groups were placed in 40ml of water only. The larval mortality was assessed following 2h of exposure according to the procedure by Bezzerra et al 4 .
Esterase activity
The esterase activity of the larvae extracts pretreated with PBO and exposed to TE for three exposure times (30, 60, and 120min) was determined using α-naphthyl acetate as the substrate in microtiter plates, according to the technique developed by Devonshire 11 with modifi cations by Pruett et al 12 .
The protein content was estimated in triplicate using Bradford's method (Bradford, 1976) 13 with bovine serum albumin as the standard.
The living larvae were centrifuged (4°C, 15,000 × g, 15 min) with 100ml of extraction buffer (20mM sodium phosphate, pH 7.0). The obtained supernatant was collected and diluted 1:50 in extraction buffer. The diluted 50µl samples were incubated with 150µl of extraction buffer containing 0.5mM α-naphthyl acetate for 30min at 30°C in darkness.
Fifty microliters of extraction buffer containing 0.15% o-dianizidina and 1.75% sodium dodecyl sulfate were added. The optical density values were measured in an enzyme-linked immunosorbent assay (ELISA) reader (Titertek Multiskan Plus MKII, Flow Laboratories, McLean, VA, USA) using 450 nm fi lters and converted to micromoles of naphthol per min per mg of protein (mmol/mg/min protein), according to a standard curve using the Microplate Manager PC v. 4.0 (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Statistical analysis
The mortality rates of the susceptible and resistant larvae strains were compared using the Chi-square test of heterogeneity between the populations. An analysis of variance (ANOVA), followed by Tukey's and Kramer HSD tests, were used to compare the rates of esterase activity between the susceptible and resistant strains in different profi les of exposure to the fi ve concentrations of PBO tested. The differences were considered signifi cant if p<0.05.
Susceptibility and resistance to temephos: the effects of PBO on the toxicity of TE
The results of 2h exposure to 0.02 mg/l TE in the susceptible and resistant strains of A. aegypti larvae in the control test (without pre-treatment with PBO) and experimental tests (with pretreatments of different concentrations of PBO) are shown in Table 1 .
No mortality was observed in the water-only control in either of the studied strains. The larvae of the susceptible strain exposed to the diagnostic dose of 0.012mg/l TE without pretreatment with PBO showed 98% mortality, while the mortality of the resistant strain under the same conditions was 51.3%.
The mortality rates in the susceptible larvae pre-treated with varying concentrations of PBO and exposed to 0.02mg/l TE showed no signifi cant differences compared with the control group. The resistant group larvae with PBO pre-treatment at concentrations of 0.25, 0.5, 1, and 2% showed a signifi cantly higher mortality (p<0.05) compared with the resistant control group, with the highest mortality obtained by 1% PBO pre-treatment. 
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DISCUSSION
Effects of PBO on esterase activity
The esterase activity in the larvae of the susceptible and resistant strains treated with fi ve concentrations of PBO and the respective control groups treated only with acetone at three exposure times (30, 60, and 120min) are shown in Table 2 .
In the control groups, no difference (p>0.05) was observed in esterase activity in either the susceptible or resistant strain regardless of the exposure time. In the treated groups, esterase activity in the resistant larvae exposed to 0.25, 0.5, and 1% PBO was signifi cantly lower than in the control group when the exposure time was extended to 60 and 120min (p<0.05). Regarding the susceptible larvae, only 1 and 2% PBO at both 60 and 120min exposure times were associated with signifi cantly reduced esterase activity (p<0.05).
In insects, organophosphate insecticides are detoxifi ed by enzymes such as carboxylesterase, transferases, and oxidases that act by hydrolysis or by reducing the number of free organophosphate molecules. This detoxifi cation metabolism is probably the most studied mechanism of insect pesticide resistance. Synergists have been employed to overcome resistance in various pests and vectors [14] [15] [16] . The present study demonstrated that 0.25, 0.5, 1, and 2% PBO increased the toxicity of TE to a resistant strain of A. aegypti larvae, with the maximum effect observed at the 1% concentration, which was associated with a 39.3% higher mortality than observed in the control group.
The results of the analysis of the esterase activity in the resistant strains suggest that the synergistic effect of PBO on the toxicity of TE was, at least partially, due to a decrease in the general esterase activity of these populations. The inhibitory effect of the esterase activity was not shown to be dose-or timedependent in either larval strain. Moreover, as the resistance was not completely overcome, mechanisms in addition to esterase activity may be involved in the resistance of these populations.
The larvae of the resistant strain pretreated with 2% PBO showed a lower mortality than the strain pretreated with 1% PBO. This reduction may be explained by an antagonistic effect of PBO, which is likely due to the activation of cytochrome P450. This activation may have inhibited PBO because cytochrome P450 enzyme isoforms are known to be responsible for the inhibition of organophosphates and PBO 17 .
PBO acts as an inhibitor of P450, suppressing the bioactivation of TE and reducing its toxicity. Many arthropod species possess multiple isomers of P450, and all are substratespecifi c 18 . In this study, PBO reduced the toxicity of TE but only at the highest concentration tested. Thus, although PBO had no signifi cant effect on the toxicity of TE at a concentration of 0.125%, synergism increased its toxicity at concentrations ranging from 0.25% to 1%. The effect of 0.5% and 1% PBO was higher for the resistant strain but decreased at the 2% concentration.
Resistance based on cytochrome P450 explains the synergistic effect of PBO with TE toxicity at the lower concentrations (0.25, 0.5, and 1%) and inhibition at the highest concentration (2%).
The differential effects of PBO on the toxicity of insecticides in resistant strains observed in these studies may be attributed to the inhibitory effects of PBO to different P450 isomers involved in the activation and detoxifi cation of organophosphate molecules. According to this hypothesis, at 2%, the effects of isomers responsible for the bioactivation of TE increased, offsetting the effect of the isomers involved in metabolic detoxifi cation [18] [19] [20] [21] [22] .
For the susceptible strain, pre-treatment with PBO did not confer altered levels of toxicity; therefore, the individuals in this population may express tolerance to the insecticide 6 .
Toxicology assays and investigations of esterases conducted in resistant mosquito strains have indicated that the survivability of these insects is associated with the increased expression of esterases 20 . Similar results have been observed in assays involving other classes of organophosphates 22, 23 .
Effects similar to the fi ndings presented in this study have been found in various assays showing synergism between low concentrations of PBO and organophosphates in insect species 14, 15, 20, 24, 25 . The high level of synergism of 1% PBO in the larvicidal effect of TE has important implications for the control of A. aegypti larvae. TE formulations with this concentration of PBO may be effective in the control of both susceptible and resistant strains of A. aegypti larvae.
